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ABSTRACT 

An  experimental  investigation  was  undertaken  under  non-reacting  condition  to  gain  a  physical  understanding  of 
the  interaction  of  acoustic  waves  and  a  coaxial-jet  injector  similar  to  those  used  in  cryogenic  liquid  rockets.  Liquid  ni¬ 
trogen  (the  round  inner  jet)  and  gaseous  nitrogen  (the  annular  outer  jet)  were  used  under  subcritical,  near  critical,  and 
supercritical  chamber  pressures,  with  and  without  presence  of  an  external  acoustic  field.  High-speed  imaging  provided 
information  on  the  dynamic  behavior  of  the  jet  under  a  variety  of  conditions.  It  is  found  that  when  the  jet  is  at  the  pres¬ 
sure  node,  an  externally-imposed  acoustic  field  excites  the  dark-core  of  the  jet  to  a  wavy-shaped  structure  consistent 
with  the  field’s  characteristics.  Mean  and  root  mean  square  (RMS)  values  of  the  dark-core  length  fluctuations  were 
measured  from  images.  It  is  found  that  when  the  outer-to-inner-jet  velocity  ratio  increases,  the  RMS  of  the  dark-core 
length  fluctuations  decreases  both  with  and  without  the  existence  of  the  acoustic  field.  A  connection  to  the  rocket  in¬ 
stability  may  be  established  from  these  data  through  examination  of  the  RMS  values.  It  is  possible  that  decreases  in 
the  fluctuation  levels,  observed  at  higher  velocity  ratios,  could  weaken  a  key  feedback  mechanism  for  the  self¬ 
excitation  process  that  could  be  driving  combustion  instability  in  rocket  engines.  This  can  offer  a  possible  explanation 
of  the  combustion  stability  improvements  experienced  in  engines  when  a  transition  to  higher  values  of  the  outer-to- 
inner-jet  velocity  ratio  is  made.  Finally,  after  a  careful  review  of  relevant  data  taken  here  and  elsewhere,  there  appears 
to  be  a  good  correlation  between  the  dark-core  length  and  the  momentum  flux  ratio. 

Keywords:  Supercritical,  Acoustic,  Combustion  Instability,  Liquid  Rocket  Engine,  Coaxial  Injector,  Atomization,  Liquid 
Core,  Spray 


1.  BACKGROUND 

Combustion  instabilities,  manifested  as  pressure 
variations,  in  liquid  rocket  engines  (LREs)  can  reach 
amplitudes  of  100%  of  chamber  pressure  and  damage 
an  engine  in  a  fraction  of  a  second  [1,  2].  The  combus¬ 
tion  instability  mechanisms  span  from  low-frequency 
mechanisms,  which  is  a  feed-system  coupled  instabil¬ 
ity,  to  high-frequency  mechanisms,  which  depend  on 
the  acoustic  modes  of  the  chamber.  Often  LREs  oper¬ 
ate  at  chamber  pressures  which  exceed  the  critical 
pressure  of  the  propellants.  In  such  cases,  while  the 
pressure  is  supercritical,  the  initial  temperature  of  the 
propellants  is  often  subcritical,  but  heats  to  supercritical 
temperatures  during  mixing  and  combustion  proc¬ 
esses. 

Many  fundamental  questions  remain  to  be  an¬ 
swered  regarding  the  physical  behavior  of  the  propel¬ 
lant  jets  and  other  phenomena  governing  the  combus¬ 
tion  instability.  One  such  question  is  how  the  fuel  and 
oxidizer  jets  change  behavior  during  an  unstable  com¬ 
bustion  event.  One  early  study  by  Heidmann  [3]  inves¬ 
tigated  the  behavior  of  liquid  oxygen  (LOX)  jets  in  a 
coaxial-jet-like  injector  during  a  period  when  combus¬ 
tion  instability  was  induced.  The  LOX  jet  became 


shorter  once  the  combustor  became  unstable.  Similar 
observations  were  made  by  Miesse  [4]  and  Buffum  and 
Williams  [5]  under  cold  flow  conditions  when  a  single 
round  jet  was  excited  with  an  externally-forced  acoustic 
field. 

Mixing  of  the  propellant  streams,  if  not  controlling,  is 
at  least  intimately  related  to  the  combustion  process. 
To  a  first  order  approximation,  one  measure  of  the  mix¬ 
ing  process  is  the  so-called  liquid-core  length,  which 
has  been  extensively  studied  by  many  researchers  in 
the  past  [6-24].  A  compilation  of  experimental  core¬ 
length  correlations,  semi-empirical  theories,  and  other 
data  for  shear  coaxial  injectors  involving  core  length  is 
summarized  in  Table  1.  Many  of  the  correlations  and 
semi-empirical  theories  suggest  scaling  of  the  core 
length  with  outer-jet  to  inner-jet  velocity  ratio  (Vr), 
outer-jet  to  inner-jet  momentum  flux  ratio  (M),  density 
ratio  (p0/pi ),  Reynolds  number  (Re),  and  Weber  num¬ 
ber  (We).  One  difficulty  with  applying  these  relation¬ 
ships  at  supercritical  pressures  is  that  the  predicted 
core  length  is  very  small  or  zero  in  magnitude,  because 
of  the  use  of  the  We  number  and  the  fact  that  surface 
tension  diminishes  greatly  or  vanishes.  To  overcome 
the  difficulty  of  core  length  prediction  associated  with 
large  We,  one  group  of  researchers  [15-20],  proposed 
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that  M  can  be  used,  and  need  not  include  We  if  the  We 
is  sufficiently  high. 

Chehroudi  and  co-workers  [22-33]  have  investi¬ 
gated  supercritical  jet  flows  at  higher  Reynolds  num¬ 
bers  and  turbulent  jets  of  interest  to  practical  applica¬ 
tions  in  propulsion  systems.  The  single  round-jet  work 
by  Chehroudi  et  al.  [26-32]  was  produced  from  two  dif¬ 
ferent  injectors  made  from  50  mm  long  sharp-edged 
tubes  with  the  inner  jet  diameters  of  0.254  mm  and 
0.508  mm,  (L/D  of  200  and  100,  respectively).  They 
injected  pure  N2  and  02  into  N2,  He,  Ar,  and  mixtures  of 
CO  and  N2  and  the  arrangement  was  studied  with 
shadowgraphs  and  Raman  imaging.  It  was  determined 
that  the  initial  growth  rate  of  a  supercritical  jet  was  dif¬ 
ferent  from  that  of  a  subcritical  jet.  Furthermore,  they 
quantitatively  showed  that  this  growth  rate  for  a  super¬ 
critical  jet  behaved  similar  to  variable-density  gas  jets 
[29].  From  this  observation,  a  phenomenological  model 
of  the  initial  growth  rate  based  upon  time  scale  argu¬ 
ments  was  proposed  which  agreed  well  with  the  results 
acquired  under  subcritical  and  supercritical  pressures 

[29] .  It  is  also  important  to  note  that  Chehroudi  et  al. 

[30]  showed  that  the  growth  rate  measured  from 
shadowgraphs  was  about  twice  as  large  as  the  growth 
rate  of  the  jet  measured  by  Raman  imaging  of  the  jet, 
based  on  the  full  width  at  half  maximum  (FWHM)  jet 
thickness  values.  The  fractal  dimension  of  the  initial 
region  of  the  jet  under  subcritical  and  supercritical 
pressures  was  also  measured  by  Chehroudi  et  al.  [27, 
30,  32]  and  compared  to  the  fractal  dimension  of  other 
liquid  and  gas  jets.  It  was  found  that  the  fractal  dimen¬ 
sion  of  supercritical  jets  was  similar  to  that  of  gas  jets, 
while  the  fractal  dimension  of  the  subcritical  jets  was 
similar  to  that  of  other  liquid  jets. 

2.  EXPERIMENTAL  SETUP 

Detailed  description  of  the  experimental  facility  can 
be  found  in  [22-24,  31,  38],  and  only  a  brief  description 
will  be  given  here.  High-pressure  gaseous  nitrogen 
(GN2)  flows  into  the  system  and  its  flow  rate  is  con¬ 
trolled  with  micrometer  needle  valves.  Temperature 
conditioning  is  accomplished  by  passing  the  GN2 
through  a  shell-and-tube  type  heat  exchanger  using 
liquid  nitrogen  (LN2)  to  cool  the  GN2.  The  nitrogen 
flows  into  both  the  inner  and  outer  tubes  of  a  coaxial 
injector.  The  temperature  of  the  flow  to  the  inner  round 
jet  of  the  shear-coaxial  injector  is  considerably  lower 
than  that  of  the  outer  annular  jet,  reaching  the  liquid 
(subcritical)  or  densified  (supercritical)  state.  However, 
the  outer  jet  is  cooled  well  below  the  room  tempera¬ 
ture,  but  is  still  in  gaseous  state.  The  chamber  is  pres¬ 
surized  with  GN2  at  ambient  temperature.  For  refer¬ 
ence,  the  critical  pressure  and  temperature  of  N2  is  3.4 
MPa  and  126.2  K,  respectively.  The  pressure  inside 
the  main  chamber  is  maintained  by  adjusting  the  outlet 
flow  rate  to  provide  an  optimum  level  of  control. 


Table  1.  Summary  of  published  operating  conditions,  geometries,  measurement  techniques,  and 
proposed  equations  from  the  literature,  measuring  or  correlating  core  length  for  shear-coaxial 
jets.  _ _ _ _ _ _ _ _ _ 
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chamber.  The  main,  outer,  chamber  is  used  to  create  a 
pressurized  environment  and  is  fitted  with  two  sapphire 
windows  for  observation  of  the  jet  behavior.  The 
smaller,  inner  chamber,  channels  and  focuses  acoustic 
waves  onto  the  jet  at  high  intensity.  The  waves  are 
generated  by  a  high  pressure  acoustic  driver  devel¬ 
oped  by  Hersch  Acoustical  Engineering.  To  obtain  suf¬ 
ficiently  high  amplitudes,  the  driver  must  resonate  the 
normal  modes  of  the  inner  chamber.  Therefore,  the 
frequency  at  which  the  effects  are  studied  is  limited  to 
the  first  two  modes  of  the  inner  chamber,  being  about 
3  kHz  and  5.25  kHz,  respectively.  The  acoustic  wave¬ 
length  is  much  longer  than  the  characteristic  transverse 
jet  dimensions  at  both  of  these  frequencies  and  the 
conclusions  drawn  were  similar.  Consequently,  only 
the  3  kHz  results  are  reported  here.  The  injector  is  po¬ 
sitioned  at  a  pressure  node  (a  velocity  anti-node)  to 
produce  maximum  velocity  fluctuations  near  the  jet. 

The  acoustic  driver  was  always  operated  at  its 
maximum  power,  which  was  the  same  for  all  pres¬ 
sures.  As  a  consequence,  the  acoustic  amplitude  de¬ 
creased  as  pressure  increased,  due  to  the  increase  in 
density.  The  amplitude  was  about  183  dB  at  1.49  MPa, 
about  180  dB  at  3.5  MPa,  and  about  178  dB  at  4.9 
MPa. 

The  shear  coaxial  injector  used  in  this  work  (see 
Fig.  1)  is  based  on  the  well-characterized  design  of  the 
single-jet  injector  used  in  all  previous  studies  by  Che¬ 
hroudi  [24-30]  in  this  apparatus.  The  center-post  is 
made  from  a  stainless  steel  tube  with  an  I.D.  (D?)  of 
0.51  mm  (0.020”)  and  an  O.D.  (D2)  of  1.59  mm  (0.063”) 
with  a  length  of  50.8  mm  (2.00”).  This  is  used  to  pro¬ 
duce  the  inner  jet.  The  resulting  length-to-inner- 
diameter  ratio  is  100,  which  is  sufficient  to  ensure  a 
fully-developed  turbulent  pipe  flow  condition  at  the  exit. 
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Figure  1.  Picture  of  the  shear-coaxial  injector 
(left)  and  a  cross-section  drawing  of  the  injector 
tip.  The  thermocouple  used  to  measure  exit- 
plane  temperature  profiles  is  shown  in  the  draw¬ 
ing. 


mated  as  a  cylindrical-like  structure  with  unstable  sur¬ 
face  waves  of  low  amplitude.  However,  upon  increas¬ 
ing  the  pressure  to  near-critical  and  supercritical  pres¬ 
sures  (rows  three  and  five)  this  structure  changes  to  a 
more  conical  shape.  The  conical  structure  of  the  dark 
core  has  been  reported  before  for  single-phase  coaxial 
jets  by  Lasheras  and  Hopfinger  [20].  As  demonstrated 
in  images  of  Fig.  2  and  the  other  visualizations  ob¬ 
tained  in  this  work  (not  shown  here),  the  conical-shape 
structure  was  not  observed  under  two-phase  conditions 
(i.e.,  subcritical  chamber  pressure.) 

Excitation  of  the  jet  with  acoustic  driver  yields  sig¬ 
nificantly  different  behavior  of  the  dark  core  compared 
to  that  of  the  unexcited  one.  The  strongest  effect  was 
observed  at  subcritical  pressures.  It  is  not  clear  at  this 
point  whether  this  was  due  to  the  subcritical  nature  of 
the  flow  or  to  the  fact  that  the  acoustic  amplitude  was 
the  highest  at  subcritical  pressures. 


The  outer  stainless  steel  tube  creating  the  annular 
passage  had  an  I.D.  (D3)  of  2.42  mm  (0.095”)  and  an 
O.D.  ( D4 )  of  3.18  mm  (0.125”).  This  is  used  to  produce 
the  outer  coaxial  annular  jet.  The  resulting  mean  gap 
width  of  the  annular  passage  is  0.415  mm  (0.01 6”), 
measured  from  an  image  taken  at  the  exit  of  the  injec¬ 
tor.  The  recess  of  the  inner  tube  was  0.5  Dh  0.25  mm 
(0.010”)  from  the  end  of  the  outer  tube. 

Because  of  the  proximity  of  the  experimental  condi¬ 
tions  to  the  critical  point  of  nitrogen,  accurate  meas¬ 
urements  of  temperature  were  necessary  to  obtain  reli¬ 
able  estimates  of  density  and  other  quantities 
computed  from  the  density.  The  temperature  profiles 
and  the  details  of  the  calibration  were  reported 
elsewhere  (Davis  and  Chehroudi  [22]  and  Davis  et  al. 
[23$hadowgraph  images  of  the  jet  were  taken  using  ei¬ 
ther  a  PixelFly  CCD  camera  or  a  Phantom  v5.1  or  v7.1 
CMOS  camera.  The  advantage  that  the  CMOS  cam¬ 
eras  presented  was  the  ability  to  produce  high-speed 
movies  of  the  jet  for  a  period  lasting  up  to  several  sec¬ 
onds.  The  framing  rate  for  the  movies  in  this  work  was 
18  kHz. 


3.  RESULTS  AND  DISCUSSIONS 

3.1.  Acoustic  Wave  Interaction  with  Shear-Coaxial 
Jet 

The  jets  were  studied  by  high-speed  movies  at 
three  different  pressures:  a  subcritical  pressure  of 
nominally  1.5  MPa,  a  near-critical  pressure  of  nomi¬ 
nally  3.5  MPa,  and  a  supercritical  pressure  of  nominally 
4.9  MPa.  A  sample  of  ten  consecutive  images  at  the 
subcritical,  near-critical,  and  supercritical  chamber 
pressures  are  shown  in  Fig.  2.  Prominent  in  all  the 
visualizations  of  the  jet  is  the  existence  of  a  dark  cen¬ 
tral  region  which  we  refer  to  as  a  “dark  core”.  The  dark 
core  under  the  unexcited  (i.e.,  acoustic  driver  off)  sub¬ 
critical  pressures  (Fig.  2,  row  one)  can  be  approxi¬ 


3.2.  Dark  Core  Length  Measurement  Method 

The  algorithm  for  measuring  the  dark-core  length 
in  this  work  starts  with  an  individual  image  from  which 
an  image  histogram  is  computed.  A  threshold  value  is 
then  carefully  defined  to  identify  the  shape  of  the  dark 
core  of  the  jet. 

It  should  be  mentioned  that  confusion  exists  in  the 
literature  especially  when  vague  definitions  are  used  to 
define  a  core  length.  The  terms  potential-core,  poten¬ 
tial-cone,  intact-length,  intact-liquid-length,  and 
breakup-length  have  all  been  used  along  with  various 
measurement  techniques.  To  be  clear,  and  to  remove 
any  possible  ambiguity  from  the  data,  the  dark-core 
length  is  defined  here  as  the  visually-connected  dark 
fluid  region  between  the  injector  exit  area  and  the  first 
break  in  the  core  as  defined  by  an  adaptive  threshold¬ 
ing  procedure,  see  Davis  [38]  or  Davis  and  Chehroudi 
[25]  for  more  details. 

3.3.  Influence  of  Velocity  Ratio  on  Dark  Core 
Length 

Velocity  ratio  Vr  has  been  a  design  parameter  for 
shear-coaxial  injectors,  particularly,  as  a  criterion  to 
ensure  the  stable  operation  of  LREs.  For  LOX/H2  en¬ 
gines,  the  design  rule-of-thumb  has  been  to  keep  the 
velocity  ratio  greater  than  about  10  to  keep  the  engine 
stable,  as  is  discussed  by  Hulka  and  Hutt  [35].  Al¬ 
though  this  criterion  has  been  suggested  by  the  ex¬ 
perimental  data,  no  physical  explanation  has  been  pro¬ 
vided.  Related  to  this  is  a  method  to  rate  a  LRE  for 
combustion  instability,  known  as  temperature  ramping. 
Temperature  ramping  is  accomplished  by  lowering  the 
temperature  of  the  H2  (outer  jet)  while  maintaining 
mass  flow  rate  at  a  constant  value.  The  lower  the  H2 
temperature  is  at  the  onset  of  the  measured  combus¬ 
tion  instability,  the  greater  the  stability  margin  that  par¬ 
ticular  LRE.  Temperature  ramping  is  related  to  the  ve¬ 
locity  ratio  because  one  of  the  effects  of  lowering  H2 
temperature  at  constant  mass  flow  rate  is  increased 
density  and  consequently  lower  velocity. 
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Figure  2.  Consecutive  frames  from  high-speed  shadowgraph  movies  with  the 
acoustic  driver  turned  off  (in  rows  1,  3,  and  5)  and  on  (in  rows  2,  4,  and  6)  at 
~3kHz.  Time  increases  from  left  to  right  with  an  interval  of  55.6  ms  between 
frames.  The  first  two  rows  are  at  a  subcritical  chamber  pressure  (~  1.5  MPa),  the 
third  and  fourth  rows  are  at  a  near-critical  chamber  pressure  (~  3.5  MPa),  and  the 
fifth  and  sixth  rows  are  at  a  supercritical  chamber  pressure  (~  4.9  MPa).  The 
acoustic  driver  is  turned  off  for  the  first,  third,  and  fifth  rows  and  on  for  the  second, 
fourth,  and  sixth  at  ~  3  kHz.  The  light  gray  lines  in  the  first  and  second  rows  con¬ 
nect  fluid  structure  as  they  evolve  in  time. 


To  determine  the  effects  of  the  outer-jet  tempera¬ 
ture  (which  is  GN2  in  this  work)  on  the  coaxial  jet,  two 
nominal  temperatures  of  -190  K  and  -140  K  were 
studied,  called  “high”  and  “low,”  respectively.  The  aver¬ 
aged  dark-core  lengths  are  shown  in  Figs.  3(a)  and 
4(a)  as  a  function  of  velocity  ratio  ( Vr ).  The  RMS  of  the 
variations  of  the  dark-core  length  is  also  shown  in 
Figs.  3(b)  and  4(b).  Figures  3  and  4  present  results  for 
conditions  when  the  external  acoustic  field  is  turned  on 
and  off  for  both  nominal  high  and  low  outer-jet  tem¬ 
peratures. 

Evident  in  Figs.  3(a)  and  4(a)  is  the  fact  that  the 
length  of  the  dark  core  decreases  as  the  chamber 
pressure  is  increased.  The  dark  core  provides  an  indi¬ 
cation  of  high-density  regions  of  the  flow.  At  a  constant 
chamber  pressure,  as  \Zris  increased,  the  length  of  the 
dark  core  decreases  and  appears  to  approach  a  con¬ 
stant  value.  In  a  mean  sense,  when  the  dark  core  feels 
the  imposed  external  acoustic  field,  its  length  is  shorter 
than  or  equal  to  that  when  the  acoustic  driver  is  turned 
off.  At  the  near-critical  and  supercritical  chamber  pres¬ 
sures,  as  the  Vr  increases,  the  difference  between  the 
lengths  of  the  dark  core,  measured  with  and  without 
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the  acoustic  field,  dimin¬ 
ishes.  The  RMS  values  of 
the  dark-core  length  fluctua¬ 
tions,  shown  in  Figs.  3  (b) 
and  4(b),  exhibit  somewhat 
similar  trends  to  those  seen 
with  the  mean  values.  It  is 
known  that  for  a  liquid- 
fueled  rocket,  atomization 
and  breakup  processes, 
interactions  between  the 
propellant  jets,  droplet  for¬ 
mation,  and  vaporization 
are  all  affected  by  the  pres¬ 
sure  and,  particularly,  ve¬ 
locity  fluctuations.  Also,  for 
any  chemically-reacting 
system,  the  rate  at  which 
energy  is  released  is  sensi¬ 
tive  to  the  rate  of  change  of 
temperature,  density,  pres¬ 
sure,  and,  of  course,  mix¬ 
ture  ratio.  It  is  then  quite 
intuitive  to  relate,  in  some 
form,  the  RMS  values  of  the 
dark-core  length  fluctua¬ 
tions  to  mixture  ratio  varia¬ 
tions.  On  the  other  hand,  a 
low  RMS  value  can  be  in¬ 
terpreted  as  the  jet’s  inher¬ 
ent  steadiness  (or  insensi¬ 
tivity  to  external  stimuli)  and 
vice  versa.  Examination  of 
Figs.  3(b)  and  4(b)  clearly 
shows  that  this  property  is 
drastically  reduced  as  the 
velocity  ratio  is  increased.  It  is  then  quite  possible  that 
the  observed  improvement  in  combustion  stability  at 
higher  values  of  velocity  ratio  is  a  result  of  the  inability 
of  the  jet  to  generate  large  mass  flow  rate  fluctuations 
under  these  conditions,  weakening  a  key  feedback 
mechanism  for  the  self-excitation  process.  In  tempera¬ 
ture  ramping  exercises  for  stability  rating  of  LOX/H2 
engines,  the  mass  flow  rate  is  usually  maintained  at  a 
constant  value  [24].  Therefore,  as  the  temperature  of 
the  H2  is  decreased  during  a  ramping  episode,  the  H2 
becomes  more  dense,  which  decreases  the  injector 
velocity  ratio.  The  RMS  plots  shown  here  suggest  that 
such  a  decline  in  this  ratio  amplifies  the  jet’s  inherent 
unsteadiness,  providing  a  possible  explanation  for  the 
engine’s  eventual  arrival  into  an  unstable  zone  as  a 
temperature  ramping  test  proceeds. 

3.4.  Scaling  of  the  Dark  Core  Length 

As  mentioned  above,  the  core  length  has  in  the 
past  been  scaled  with  many  parameters.  In  some 
works,  We  and  Re  numbers  were  used  to  represent 
velocity  values  in  nondimensionalized  forms,  since 
physical  parameters,  such  as  surface  tension  and  vis- 
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Figure  3.  Plot  of  the  averaged  dark-core  length  (a) 
and  the  RMS  of  the  length  variations  (b)  normalized 
by  the  inner  diameter.  The  solid  symbols  and  lines 
represent  the  data  for  when  the  acoustic  driver  is 
off,  and  the  hollow  symbols  and  dotted  lines  show 
the  data  when  the  acoustic  driver  was  operated  at  ~ 
3kHz.  The  diamond,  square,  and  up-triangle  sym¬ 
bols  are  sub-,  near,  and  supercritical  chamber  pres¬ 
sures,  respectively.  All  cases  are  for  the  high  nomi¬ 
nal  outer-jet  temperature  of -190  K.  In  the  inset,  the 
words  sub,  near,  and  super  refer  to  subcritical, 
nearcritical,  and  supercritical  pressure  respectively, 
and  the  words  OFF  and  ON  refer  to  the  acoustic 
driver  being  off  and  on  at  ~3kHz,  respectively. 

cosity,  were  not  varied.  In  other  works,  based  on  sin¬ 
gle-phase  results,  velocity  ratio  ( Vr )  or  momentum  flux 
ratio  ( M )  were  considered  to  be  the  scaling  parameters. 
The  semi-empirical  theory  of  Rehab  et  al.  [17]  pro¬ 
duces  an  equation  suggesting  that  the  length  of  the 
core  scales  with  M  "°5  This  equation  was  then  quanti¬ 
tatively  compared  to  single-phase  shear-coaxial  jet 
data,  often  with  equal  densities  [16-18].  Note  that  for 
(inner  and  outer)  jets  of  equal  densities,  AT05  reduces 
to  Vr.  The  same  dependence  on  M  was  also  reported 
qualitatively  for  single-phase  shear-coaxial  jets  of  dif¬ 
ferent  densities  by  Favre-Marinet  and  Samano-Shettini 
[21],  Additionally,  Lasheras  et  al.  [19]  stated  the  appli¬ 
cability  of  the  same  M  0  5  dependence  for  two-phase 
shear-coaxial  jets.  However,  they  were  unable  to  make 
core  length  measurements  from  their  images. 


Velocity  Ratio 


Figure  4.  Plot  of  the  averaged  dark-core  length  (a) 
and  the  RMS  of  the  length  variations  (b)  normalized 
by  the  inner  diameter.  The  solid  symbols  and  lines 
represent  data  for  when  the  acoustic  driver  is  off, 
and  the  hollow  symbols  and  dotted  lines  show  re¬ 
sults  when  the  acoustic  driver  is  operated  at  - 
3kHz.  The  diamond  and  square  symbols  are  for 
sub-  and  nearcritical  chamber  pressures,  respec¬ 
tively.  All  cases  are  for  the  low  nominal  outer-jet 
temperature  of  -140  K.  In  the  inset,  the  words  sub 
and  near  refer  to  subcritical  and  nearcritical  pres¬ 
sure  respectively,  and  the  words  OFF  and  ON  refer 
to  the  acoustic  driver  being  off  and  on  at  ~3kHz, 
respectively. 

A  plot  of  the  measured  dark-core  length  values,  of 
this  work,  versus  momentum  flux  ratio  is  shown  in  Fig. 
5.  A  clear  distinction  between  the  subcritical  dark-core 
length  (diamond  symbols)  and  that  for  the  near-critical 
and  supercritical  chamber  pressures  are  seen.  Sub¬ 
critical  data  indicates  a  much  longer  length  than  at  su¬ 
percritical  pressures  for  a  given  momentum  flux  ratio.  It 
should  be  noted  that  the  near-critical  pressure  data  is 
slightly  supercritical,  and  both  the  near-critical  and  su¬ 
percritical  pressure  conditions  produce  a  single-phase 
coaxial  jet.  The  dashed  line  in  Fig.  5  is  a  least-square 
curve  fit  to  the  subcritical  data,  and  the  dotted  line  is  a 
least  squares  curve  fit  to  the  near-critical  and  super¬ 
critical  data.  As  indicated  by  the  equations  on  Fig.  5, 
the  single-phase  (i.e.,  near-critical  and  supercritical 
pressures)  data  have  the  same  M  ~05  dependence  form 
as  reported  by  others  [16-18,  21].  However,  the  two- 
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Figure  5.  Dark-core  length  versus  momentum 
flux  ratio.  The  diamond,  circle,  and  up-triangle 
symbols  represent  sub-,  near-,  and  supercritical 
chamber  pressure,  respectively.  The  hollow 
symbols  are  at  a  high  outer-jet  temperature 
(-190  K)  and  solid  symbols  are  at  a  low  outer- 
jet  temperature.  The  dashed  line  is  25IM 0  2  and 
the  dotted  line  is  12/A405. 

phase  subcritical  data  has  a  weaker  dependence,  AT0'2, 
than  the  single-phase  dark-core  length.  Other  quantita¬ 
tive  differences  between  the  subcritical  and  supercriti¬ 
cal  cases  have  been  reported  before.  For  single  round 
jets,  Chehroudi  and  co-workers  [29,  30,  32]  found  that 
at  supercritical  pressures  the  spreading  rate  and  fractal 
dimension  values  were  the  same  as  those  for  a  gase¬ 
ous  jet  injected  into  a  gaseous  ambient  with  different 
densities  (i.e. ,  variable-density,  single-phase,  gaseous 
jet).  This  is  similar  to  the  present  dark-core  length  ob¬ 
servations.  Under  supercritical  pressures,  our  coaxial 
jet  scales  with  AT0'5.  Therefore,  it  appears  that  this  form 
of  the  dependency  on  M  is  not  only  valid  for  gas-gas 
shear-coaxial  jets,  but  for  any  single-phase  shear- 
coaxial  jet. 

Figure  6  was  constructed  with  the  objective  of  com¬ 
paring  the  dark-core  length  with  all  of  the  available  data 
that  exists  in  the  literature  for  the  potential-core  length, 
intact-core  length,  and  breakup-length.  This  figure 
represents  all  of  the  available  data  in  the  literature  con¬ 
cerning  core  length  spanning  5  orders  of  magnitude  in 
momentum  flux  ratio.  Also,  note  that  as  M  approaches 
zero,  one  reaches  a  limit  defining  a  single  round  jet 
configuration  because  the  outer  velocity  becomes  zero. 
From  data  in  Fig.  6,  it  seems  that  for  M  <  1 ,  data  points 
converge  and  approach  the  core  length  range  ex¬ 
pected  for  single  round  jets  reported  by  Chehroudi  et 
al.  [36]  and  Oschwald  et  al.  [34].  The  single-phase  data 
presented  in  Fig.  6  follows  the  dependence  of  UD1  -A 
AT05,  where  the  constant  A  is  between  5  and  12.  At  M 
>  100,  the  experiments  of  Favre-Marinet  and  Samano- 
Shettini  [21]  exhibit  a  recirculation  bubble  at  the  end  of 
the  core,  and  thus  the  core  length  decreases.  The  in¬ 
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Figure  6.  Comparison  of  the  present  dark-core 
length  measurements  with  all  other  core  length 
data  available  in  the  literature  vs.  momentum  flux 
ratio.  Amongst  the  data  reported  by  others,  Ero- 
glu  et  al.,  Englebert  et  al.  and  Woodward  are  two- 
phase  flows  and  the  rest  are  single  phase. 

jectors  used  to  produce  the  two-phase  coaxial  jets  of 
Eroglu  et  al.  [10]  and  Englebert  et  al.  [12]  have  much 
larger  outer  jet  gap  widths  (see  Table  1)  than  what  is 
typical  of  rocket  injectors.  Additionally,  the  apparatus  of 
Eroglu  et  al.  [10],  reported  in  Farago  and  Chigier  [37], 
does  not  produce  fully-developed  turbulent  inner  jet 
until  when  Re  >  104.  The  lack  of  a  fully-developed  tur¬ 
bulent  inner  jet  and  the  significant  differences  between 
their  injector  and  shear-coaxial  ones  used  in  rockets 
could  be  the  reason  why  the  core  length  measured  by 
Eroglu  et  al.  [10]  is  shorter  than  those  observed  in  our 
work.  Englebert  et  al.  [12]  reported  that  the  core  length 
scaled  with  AT0  3.  The  core  length  by  Woodward  [11]  for 
the  water  potassium  iodide  solution  with  helium,  how¬ 
ever,  obeys  very  nearly  the  trends  for  the  subcritical 
data  points  (i.e.,  25M'°  ).  Considering  that  momentum 
flux  ratios  near  10  are  of  importance  for  LRE,  to  the 
best  of  the  authors’  knowledge,  the  data  for  the  sub¬ 
critical  (two-phase)  case  is  the  only  reported  informa¬ 
tion  in  the  neighborhood  of  the  M  -  10. 

4.  SUMMARY  AND  CONCLUSIONS 

A  non-reacting  flow  study  of  a  cryogenic  shear- 
coaxial  injector  was  conducted  at  pressures  spanning 
subcritical  to  supercritical  values.  The  flow  from  the 
inner  jet  of  the  coaxial  injector  was  liquid  nitrogen  (or 
liquid-like,  if  at  supercritical  pressures)  and  cold  gase¬ 
ous  nitrogen  flowed  from  the  outer  annular  jet,  both 
injected  into  a  chamber  pressurized  with  nitrogen  at 
room  temperature.  The  resulting  coaxial  jet  was  digi¬ 
tally  imaged  with  a  camera  framing  at  a  rate  of  up  to 
18  kHz.  The  jet  was  excited  transversely  with  a  high- 
amplitude  acoustic  driver,  with  the  jet  positioned  at  a 
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minimum  of  the  pressure  amplitude.  The  following  con¬ 
clusions  are  offered: 

1.  The  existence  of  high-amplitude  acoustic  waves 
alters  the  behavior  of  the  shear-coaxial  jet.  The  result¬ 
ing  structure  of  the  jet  exhibits  a  periodic  shape  corre¬ 
sponding  to  the  transverse-velocity  field  created  by  the 
acoustic  waves.  The  periodic  oscillations  imposed  on 
the  dark  core  of  the  jet  is  predominately  in  the  direction 
of  the  transverse  acoustic  velocity. 

2.  The  root  mean  square  (RMS)  variation  of  the  dark- 
core  length  decreases  with  increasing  velocity  ratio  at  a 
given  chamber  pressure  and  asymptotically  ap¬ 
proaches  a  constant  level.  The  RMS  of  the  dark-core 
length  is  greatest  at  subcritical  pressures. 

3.  Previous  research  showed  that  an  episode  of  so- 
called  “temperature  ramping”,  used  for  stability  rating  of 
LREs,  could  lead  the  engine  to  an  unstable  behavior. 
Also,  from  other  research,  it  is  shown  that  coaxial  injec¬ 
tors  with  high  outer-to-inner  jet  velocity  ratios  (greater 
than  ~10  for  LOX/H2)  tend  to  be  more  stable.  In  the 
current  work,  the  observation  that  the  RMS  of  the  dark- 
core  length  fluctuations  decreased  at  high  velocity  ratio 
under  both  high  and  low  outer-jet  temperatures  is  con¬ 
sidered  to  be  a  potential  explanation  for  the  observed 
combustion  instability  behavior.  It  is  possible  that  de¬ 
creases  in  the  RMS  fluctuation  levels  could  weaken  a 
key  feedback  mechanism  for  the  self-excitation  proc¬ 
ess  that  could  be  driving  combustion  instability  in 
rocket  engines.  This  offers  a  possible  improvement  in 
understanding  of  the  combustion  instability  in  LREs. 
Ultimately,  this  hypothesis  requires  further  testing  in  a 
multi-element,  fired  rocket  experimental  facility. 

4.  The  quantitative  behavior  of  the  dark-core  length  of 
the  coaxial  jet  at  near-  and  supercritical  pressures  fol¬ 
lows  a  similar  momentum  flux  ratio  ( M )  dependency 
reported  for  the  single-phase  shear-coaxial  jets  (i.e., 
12M'0  5).  The  dark-core  length  for  the  subcritical  cham¬ 
ber  pressures,  however,  scales  with  M'0  2. 

5.  Within  a  range  of  momentum  flux  ratios  in  between 
1  and  10,  the  dark-core  lengths  for  the  coaxial  jet  under 
the  subcritical  (two-phase)  ambient  pressure  used  here 
appear  longer  than  those  measured  at  the  supercritical 
(single-phase)  condition.  This  range  represents  rele¬ 
vant  values  for  liquid  rocket  engines,  subcritical  data 
define  a  new  regime  which  was  not  reported  previ¬ 
ously. 
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